The full coding sequences of two novel human enterovirus (HEV)-C serotypes 105 and 116, sampled in the Republic of the Congo in 2010 and in Russia in 2011, were identified in this study. Enterovirus (EV)-105 was closest to EV-104 in the 59 NTR and to EV-109 in the coding genome region. It had the same unconventional 59 NTR as EV-104 and EV-109. The non-cytopathogenic EV-116 was phylogenetically close to coxsackievirus (CV)-A1, CV-A19 and CV-A22, which also cannot be propagated in routinely used cell cultures. There were signs of recombination within this subgroup of HEV-C; however, recombination with conventional HEV-C was restricted, implying partial reproductive isolation. As there is also evidence of different permissive replication systems and distinct genetic properties of these subgroups, they may represent subspecies of the HEV-C species or different stages of speciation.
Enteroviruses (EVs) are small non-enveloped RNA viruses with a single stranded positive-sense genome. The genome encodes a single polyprotein that is cleaved into four structural (VP1-VP4) and seven non-structural (2A-2C, 3A-3D) proteins. Human enteroviruses (HEVs) are highly prevalent among healthy subjects (Witsø et al., 2006) , but occasionally cause severe clinical manifestations such as encephalitis, meningitis, sepsis-like disease and myocarditis (Pallansch & Roos, 2007) . Most EVs were discovered in 1947-1954, after cell culture methods were introduced. At that time EVs were classified based on pathogenic properties for mice and serological properties in the infectivity neutralization test (Pallansch & Roos, 2007) . The development of molecular detection methods in the 1990s yielded multiple novel EV types (Brown et al., 2009; Norder et al., 2003; Oberste et al., 2005; Smura et al., 2007; Tapparel et al., 2009; Yozwiak et al., 2010) . Novel types are currently defined almost exclusively by genomic criteria. Over 100 known HEV types are classified into four species, HEV-A to HEV-D. The species HEV-C currently comprises the three types of polioviruses (PVs), coxsackievirus (CV)-A types 1, 11, 13, 17, 19-22 and 24, and EV types 95, 96, 99, 102, 104, 109, 113 and 116 (Knowles et al., 2011) .
Despite the identification of multiple novel EV types throughout the last decade, it is not clear when EV species emerged and how uniform they are in terms of genetic features and natural recombination. Here we report the identification, genomic sequence analysis and evolutionary associations of two novel HEV-C types from Asia and Africa.
EV-105 was detected in a faecal sample termed 34S, which was collected from a fatal acute flaccid paralysis patient during a poliomyelitis outbreak in the Republic of the Congo in November 2010. The virus was initially identified as EV-109 by partial sequencing of the VP1 genome region, because the EV-105 sequence was not available in GenBank and the partial VP1 sequence did not permit identification of this virus as a new type (Grard et al., 2010) . EV-116 was identified in September 2010 in a faecal sample from a 10-month-old male patient with gastroenteritis in Sakhalin Island (in the far eastern part of Russia). The sampling of clinical material was conducted according to the corresponding national ethical guidelines. Samples were anonymized for further study. As molecular typing using the partial VP1 region sequence was inconclusive, the complete coding sequence was identified for both samples.
Cultivation of EV-105 34S could not be attempted due to a lack of the clinical specimen. Cultivation of EV-116 was Almost all novel EV types have been identified using molecular criteria. The principal parameter for a new type has been defined as a nucleotide sequence identity below 75 % in the VP1 genome region (Oberste et al., 1999) . There is uncertainty about the amino acid sequence distance cut-off, with a grey zone between 85 and 88 % (Brown et al., 2009 (Knowles et al., 2011) .
Both viruses fulfilled the formal ICTV criteria of novel types; however, it remains unknown if they actually represent distinct serotypes. While the classical EVs could be reliably segregated by an arbitrary 75 % RNA/85 % amino acid similarity cut-off (Oberste et al., 1999) , several viruses that were reported later, including EV-105 and EV-109, have only marginally surpassed the 75 % VP1 similarity cut-off, and no serological data are available for novel EV types.
On the phylogenetic tree inferred by using the VP1 genome region, which encodes the major capsid protein and is primarily used for phylogenetic studies, EV-116 was an outgroup to CV-A22 sequences, and EV-105 grouped with EV-109 ( Fig. 1 ). Tamura-Nei (the best-fit substitution model) genetic distances between novel and established types (evident as branch lengths on the phylogenetic tree) were relatively low, 0.32-0.37 between EV-116 and CV-A22, and 0.32 between EV-105 and EV-109. This is comparable to the genetic distances between the recently identified EV-102 and CV-A20 (0.32-0.34), and between EV-99 and CV-A24 (0.34-0.35), but falls below the genetic distances within the CV-A13 type, which could be as high as 0.39. Therefore, corrected genetic distances are poorly suitable for the discrimination of types, and there might be certain controversy in the designation of HEV-C types.
EVs feature common recombination (Lukashev, 2005; Simmonds & Welch, 2006) . In particular, the prototype HEV-C strains are recombinant relative to each other (Brown et al., 2003) , and circulating EVs commonly recombine with wild-type and vaccine PVs (Combelas et al., 2011; Liu et al., 2003) . Therefore, we investigated the phylogenetic relationships of the novel types with other HEV-C members in the genome regions 2C and 3D.
In all three coding genome regions, EVs CV-A1, CV-A19 and CV-A22 that are not cytopathogenic in the routinely used RD cell culture (Schmidt et al., 1975) and EV-116 were distinct from all other HEV-C types that can be propagated in this cell culture. Therefore, EV-116 was a member of a phylogenetically discrete HEV-C subgroup, which was described by Brown et al. (2003) .
Similar to the 59 NTR of EV-104 and EV-109 (Tapparel et al., 2009; Yozwiak et al., 2010) , the 59 NTR of EV-105 was phylogenetically distinct from the classical HEV-C 59 NTR. Therefore, 59 NTRs from all available EV complete genome sequences were used for phylogenetic analysis. The 59 terminal 100-210 nt were excluded from the alignment because bovine EVs have a duplication of the cloverleaf structure at the 59 terminus of the genome (Zell et al., 1999) and because the EV-104 genome lacked 65 nt at the 59 terminus. In line with previous reports, HEV-A and HEV-B 59 NTRs were indistinguishable, as were the 59 NTRs of the classical HEV-C and HEV-D (Santti et al., 1999) . EV-116 grouped with conventional HEV-C serotypes and HEV-D, and further phylogenetic relationships within this group were practically unresolved. EV-105 grouped reliably with EV-104 and EV-109 in a cluster that was phylogenetically distant from other HEV-C/HEV-D members. Within this novel 59 NTR cluster, EV-105 grouped reliably with EV-104.
The three groups of HEV-C strains, with distinct genetic and replication properties observed on the phylogenetic trees, are further referred to as group I (conventional, cytopathogenic in RD cell culture), II (non-cytopathogenic in RD cells) and III (unconventional 59 NTR). Group III was distinct and well supported by bootstrap analysis in all genome regions. Groups I and II were also identifiable in all genome regions, but not always supported by high bootstrap values on all phylogenetic trees, and group I showed further subdivision into two subclades in the 2C genome region. In line with a previous report (Brown et al., 2003) , there were multiple phylogenetic conflicts between different genomic regions within groups I and II, indicating common recombination within the groups, while only one virus, EV-96 BAN00-10488, had signs of recombination between HEV-C groups I and II. Notably, there has been another report of recombination between members of groups I and II, which also involved EV-96 (Smura et al., 2007) . Recombination was also evident within group III. In contrast with the phylogenetic tree inferred using the 59 NTR sequence, EV-105 grouped with EV-109 in all coding parts of the genome.
Similarity plots were then used to evaluate the nucleotide sequence difference between novel EVs and known HEV-C members (Fig. 2a, b) 5′ NTR 3D Fig. 1 . Phylogenetic trees of HEV-C isolates in four genome regions. Trees were produced with MEGA 5.0 (Tamura et al., 2011) using a maximum-likelihood algorithm. Scale bars represent maximum-likelihood distance. HEV-C groups I, II and III are labelled; group II is in red and group III is in blue. Inter-clade recombinant virus EV-96 BAN00-10488 is marked in green. Numbers at tree nodes indicate the percentage of 1000 bootstrap pseudoreplicates that supported groups; values below 70 were omitted.
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39 part of the genome. In agreement with the phylogenetic trees, EV-105 was most similar to EV-109 in all genome regions except for the 59 NTR. There was a significant gap between the genetic distances within and between HEV-C groups in the non-structural genome region (Fig. 2c, d) . The interval between distances within and between HEV-C groups was only compromised by EV-104, which was about equidistant from all HEV-C groups.
The three HEV-C subgroups discussed above have several features of distinct taxonomic units. First, they differ in the range of permissive replication systems (Brown et al., 2009; Schmidt et al., 1975) . Second, there is a partial reproductive isolation between HEV-C subgroups, as suggested by exceptionally rare recombination (only one case evident across the HEV-C phylogenies). This might explain why these groups could be distinguished by a sequence distance criterion in the 3D genome region, as shuffling between recombining viruses would otherwise lead to indistinctive similarity scores, as observed for example within group I or group II. Third, HEV-C subgroup III viruses have a unique 59 NTR (Tapparel et al., 2009; Yozwiak et al., 2010) . Lastly, the RNase L inhibitor, a well-studied secondary RNA structure within the 3C genome region, could not be identified in CV-A1, CV-A19 and CV-A22 (Han et al., 2007) and in other viruses of groups II and III, including EV-105 and EV-116 Nt sequence similarity 0 7 000 6 000 5 000 4 000 3 000 2 000 1 000 0 7 000 5′ NTR  3′ NTR  VP4  VP3  VP1  2A 2B  2C  3A 3C  3D 3B VP2 Fig. 2 . Similarity plots of EV-105 (a) and EV-116 (b) compared with other HEV-C viruses. Window 400, step 50 nt. The y-axis indicates nucleotide sequence distance of the query strain to other HEV-C representatives in windows that correspond to x-axis values. The EV genome structure is provided above the plots. The boxed part of the plot indicates the 3D genome region used to calculate the distribution of pairwise uncorrected nucleotide (c) and amino acid (d) distances between the 43 HEV-C strains presented on Fig. 1 and EV-71. The y-axis indicates the number of pairwise identity scores within each range represented on the x-axis.
(data not shown). Interestingly, an incomplete RNase L inhibitor structure (alignable, but with a distorted functional domain) could be found in EV-104 (data not shown), while it was completely absent in other group II and III viruses.
Despite distinct genetic features of HEV-C groups, phylogenetic and sequence distance criteria cannot unambiguously distinguish these subgroups in all genome regions, and they differ from each other much less than the four established HEV species. Published studies (Brown et al., 2003; Yozwiak et al., 2010) and data presented here indicate that HEV-C groups have certain properties of EV species and may be termed subspecies for the purpose of further discussion.
While all studied picornaviruses feature common recombination and exist as global gene pools, partially isolated subgroups within a species are not uncommon. Groups that do not have signs of recombination with other species members could be evidence of ongoing speciation (Lukashev, 2010) . While this reproductive isolation between subgroups of HEV-C is incomplete, as exemplified by the recombination pattern in EV-96 strain BAN00-10488, it could eventually lead to the emergence of a new species. Importantly, in the 59 NTR there was no reliable evidence of reproductive isolation of group II. This does not contradict the distinction of HEV-C groups because different recombination patterns and constraints are typical for picornavirus genome fragments and the speciation process does not have to occur simultaneously over the entire genome. Putative interspecies recombination in the 59 NTR of group III showed how lateral gene transfer could add to EV diversity. The source of the group III 59 NTR remained obscure. It is possible that this 59 NTR (and maybe the whole group III) was derived from an animal EV, for example HEVs isolated from chimpanzees have a diverse repertoire of 59 NTRs (Harvala et al., 2011) , and a comprehensive study of animal EVs is essential for understanding the evolution of their human counterparts.
